Even though significant improvements have been made in sodium ion batteries, battery management mandates that all batteries in a pack are kept at an acceptable level of more than 80% capacity retention after a long cycle when it is tested for emergencies. Based on these realistic facts, the present study profitably exploits in situ grown reduced graphene oxide on 3D Na3V2 (PO4)3 matrices exhibiting a high rate performance and a specific discharge capacity of 117 mAh g-1. Unlike the earlier literature reports, it is demonstrated that the fabricated electrode shows >85% capacity retention after 6000 cycles at 10 C, the longest cycle life reported till date. The work also reasons in-depth the outstanding sodiation/desodiation capabilities to the low hysteresis voltage and how these electrodes can be used for deep discharges by extending the potential window to 1.3-3.8 V (vs Na/Na+) resulting in a noteworthy specific capacity of ≈165.4 mAh g-1 at 1 C.
Introduction
Researchers on battery technologies are gradually shifting their focus onto sodium ion batteries (SIB) due to their lower cost and the greater abundance of sodium than lithium. [1] [2] [3] The higher half-cell reaction potential of sodium compared to lithium makes SIBs work well with lower-decomposition-potential or water-based electrolyte which is beneficial in terms of both cost and durability.
[1, 4, 5] Many sodium based materials have been explored as effective cathode materials for SIBs, including different phosphates and oxides. [6] Among them, sodium superionic conductor (NASICON) type sodium vanadium phosphate (Na 3 V 2 (PO 4 ) 3 ; SVP) has attracted considerable attention due to its superior properties, which include a) high ionic mobility, b) high theoretical specific capacity of ~ 117.6 mAh g -1 , when it is cycled between 2.4 V to 3.7 V, where two Na + ions are completely extracted from and inserted into the crystal lattice, c) two flat and stable plateaus at 3.4 and 1.6 V, correlated with the redox couples V 4+ /V 3+ and V 3+ /V 2+ , respectively, enabling it to be used as both cathode and anode, d)
negligibly small voltage polarization, ~ 0.1 V for the redox couple V 4+ /V 3+ and 0.06 V for the redox couple V 3+ /V 2+ , and e) good thermal stability at ~ 450 ⁰C in the charged state, confirming its high safety performance. [3, [7] [8] [9] Uebou et al. first reported the redox activity of SVP for SIBs. The cycling stability for this material between 3.4 V and 1.6 V was observed to be poor, and the reason for this poor stability was attributed to its crystal structure. [10] The NASICON skeleton is built of PO 4 tetrahedra, in which the corners are shared with octahedral VO 6 , and these units are assembled in a three-dimensional (3D) manner to form V 2 P 3 O 12 ,
which has large tunnels with rhombohedral interstitial sites that fully/partially accommodate Na + ions by a perturbation-free lattice intercalation/de-intercalation mechanism. The main limitation with this material is its poor electrical conductivity (~10 -9 S cm -1 ) due to the slightly distorted arrangement of VO 6 octahedra, thus resulting in poor cycling performance and rate capability, which limits its practical performance and further commercialization. [11] Researchers have tried various approaches to overcome this problem, which include nanostructuring, coating with a thin film of carbon and/or some other conducting material, doping with secondary ions, etc. [12] [13] [14] From a commercial and large-scale production aspect, however, carbon coating is doubtless an effective approach to enhancing the electrochemical performance. [4, 15, 16] For instance, Shen et al. synthesized porous SVP/C composite by using the sol gel method followed by freeze drying at -48⁰C and further annealing at 800⁰C. When this electrode was cycled between 2.7 and 4 V, a specific capacity of ~ 118 mAhg -1 at 0.05 C and 92.7% capacity retention after 50 cycles were obtained. [4] Wang et al. proposed a honeycomb structured SVP/C and they observed 93.6% capacity retention at the end of 200 cycles at the 1 C rate. [14] Balaya's group prepared SVP/C by a solution based template approach and reported 113 mAh·g -1 initial capacity and 86.7% retention of the initial capacity after 1000 consecutive cycles of charging and discharging at 1 C. [8] Another study conducted by Jung et al observed that the rate performance of graphene supported SVP was markedly improved from 46% at 5C to 67% at 30 C as compared to the pristine SVP system. [17] Although the above mentioned studies report cycling stability for few hundreds of cycles, there have been two latest reports where exorbitantly high cycle life of 20000 and 30000
cycles showing a capacity retention of 54% and 50% respectively for SVP systems. [8, 18] These results may sound very appealing at the first glance however for practical applications it is mandatory that all batteries in a pack are kept at an acceptable capacity retention of ≥ 80%, below which the battery must be replaced to keep the system integrity. Since the electrode cycle life projects the battery stability and based on the factor of safety we consider that any system ≤ 85% capacity retention after a long cycle is practically not usable. We have noted that both of these literatures (Table S1 ) exhibit a cycle life of few thousands of cycles at ≥ 85% capacity retention in reality. Table S1 in the supporting evidence also provides the comparison of the present work with the recent literatures (since 2013) and evaluates the cycling stability at ≥ 85% capacity retention [8, [17] [18] [19] [20] [21] [22] [23] [24] . These observations confirm that there is further scope to improve the rate capability and cycling performance by devising new nanostructured architectures for SVP/C composites. In the present work, we report a templatefree novel nanoflake SVP architecture with a uniformly grafted nanolayer of in situ grown reduced graphene oxide (rGO) derived from oleic acid. This flaky morphology, along with the rGO grafts, effectively shorten the Na + ion diffusion length. Moreover, the thin-layered rGO grafts can provide improved electronic conductivity and electrochemical performance because of their effective current collection property. A noteworthy cycling performance (6000 cycles with ≥ 85% initial capacity retention, the highest recorded till date) and rate capability were observed, which was attributed to the lower hysteresis voltage and stable rGO grafting onto the 3D network of SVP. This in situ grown rGO on SVP samples also provides the advantage of high tap density which unlike the conventional electrode systems require conducting carbon in 10-20 wt% to be blended with the active material thereby lowering the tap density. Here, since the rGO forms a thin uniform layer (~ 1-2 nm) on the SVP, the effective weight percentage of this coated carbon was found to be < 7%. Thus the present work exploits the utilization of in situ grown rGO on SVP samples as cathode for SIBs, which
shows superior electrochemical performance in terms of specific capacity, rate capability, and capacity retention.
Results and discussions

Morphology and phase analysis of SVP and SVP-C
The carbon content in the different SVP-C samples was determined using thermogravimetric analysis (TGA) (Figure 1(a) ). The SVP and SVP-C samples were heated from room temperature to 650 0 C under normal atmosphere at a ramping rate of 5 0 C min -1 . The curves showed weight loss at around 100 0 C, indicating water loss due to evaporation. The major weight loss at ~ 400 0 C was due to the oxidation of carbon. The weight gain of SVP and SVP-C beyond 400 0 C could be attributed to the oxidation of SVP at higher temperature. The carbon weight percentages in different in situ rGO grafted SVP samples were determined from the weight loss at ~ 400 0 C and found to be around 1, 3, 4.5, 6.5, and 7 wt%. The carbon content in the electrode samples was further confirmed using the Carbon Hydrogen Nitrogen (CHN) analyses. Based on the amount of carbon that was coated onto the SVP, the samples were designated as SVP, SVP-1C, SVP-3C, SVP-4.5C, SVP-6.5C, and SVP-7C where SVP stands for sodium vanadium phosphate, the number indicates the wt % of carbon, and C denotes carbon. Figure 1 (b) presents the XRD spectra of the as-prepared SVP and oleic acid treated SVPs. Similar XRD patterns for SVP have been reported earlier in the literature. [8, 25] It is evident from the XRD patterns that oleic acid (the carbon source) reduces the SVP This thin-layer rGO grafting can be beneficial for improving the tap density of the electrode, thereby addressing the volumetric energy density issues that are prevalent in the SIBs. [26] The higher magnification TEM image in Figure 3 [28] The broad peak centred at around 990 cm -1 is a characteristic peak of SVP. The peaks in the region of 700−400 cm −1 are the deformation vibrations of PO 4 tetrahedra. [29] The highly intense D peak represents the defect generated breathing mode of carbon rings due to the presence of heavy OH groups in the rGO. The G peak seems to be formed because of the E 2g phonon first order scattering of sp 2 hybridized carbon. The intensity ratio of the D to the G band (I D /I G ) was found to be ~ 1.2, which is inversely related to the size of the sp 2 domains, suggesting the formation of graphitic domains. The nature of the carbon was further confirmed using XPS analysis (see Figure 4(c, d) peak at ~ 134.6 eV and P 2s at ~ 197 eV reflect the presence of (PO 4 ) 3-phosphate groups in the sample. The peak at ~1071.1 eV reveals the presence of Na. The strong Auger peak at ~497 eV, along with the Na 1s peak, demonstrates that the Na could be concealed under the carbon. Deconvolution of the C 1s peak in the SVP-C sample (see Figure 4 (d)) indicated the presence of four peaks, where the high intensity peak at ~284.7 eV was assigned to the C-C bonds. The peaks at ~ 286, 288, and 290.9 eV reveal different configurations of C-O bonds.
The low peak intensity of these C-O bonds as compared to the C-C bonds could be attributed to the successful reduction of rGO, indicating the electrical conductivity of these carbons through the delocalized electrons in the π bonds. [29, 30] Based on these XPS and Raman patterns, the in situ rGO grafted on SVP was confirmed to be in the form of rGO. However the formation of rGO onto SVP is not clear. It is anticipated that the functional groups such as carboxyl, alkene, hydroxy from oleic acid and PEG can get inserted into the layered carbon during the synthesis. The presence of these functional groups in the carbon weakens the force between the layers resulting in 'peeling off' phenomenon producing rGO. Moreover, the role of sodium and vanadium in the formation of rGO also cannot be neglected. This phenomenon needs to be investigated in detail which is currently beyond the scope of this work.
Electrochemical performance evaluation of SVP and SVP-C
The six electrodes made from these samples were subjected to different electrochemical characterizations to evaluate their performance in half cells. The charge transfer resistance (R ct ) (diameter of the semicircle on the x-axis) was seemingly reduced for the SVP-C samples as compared to pristine SVP. content could be beneficial in terms of better rate capability ( Figure 5(a, b) ). The prime electron transport mechanism in rGO depends on the network formed by the sp 2 bonded and sp 3 bonded carbon atoms, which form a flat and long sheet with intact graphitic domains. The delocalized π-electrons are the principal reason for the better electronic conductivity of this carbon form. Unlike graphene, the presence of oxidized regions will hinder the long-range electronic conductivity of this rGO, although the sp 2 hybridized carbon domains form interacting percolating pathways and provide smooth electron transportation, resulting in better electronic conductivity and a reduction in the net resistance. Based on its superior electrochemical performance and minimal usage of oleic acid, the SVP-6.5C sample was taken as the optimized electrode, and further electrochemical characterizations were performed using this electrode material.
Rate capability and CV characteristics of SVP-6.5C
The rate capability of the SVP-6.5 C sample was compared with the pristine SVP sample in the potential range of 2.4-3.8 V (vs. Na + /Na) at different C-rates (see Figure 6(a) ). The rate capability study was initiated at 0.1 C, with repeated cycling up to 20 C in increasing order of C rate for the first 28 cycles, and then from the 28 th cycle to the 52 nd cycle, the analysis was carried out in decreasing order of C rate. The specific discharge capacities of SVP-6.5C and SVP were decreased from ~ 116 and 110 mAhg -1 to 93 and 24 mAh·g -1 , respectively, as the C rate increased from 0.1 C to 20 C. A specific discharge capacity exceeding 100 mAhg -1 was observed at 10 C for the SVP-6.5C sample. The reason for this better rate capability of SVP-6.5C compared to pristine SVP could be attributed to the effective current collection provided by the intact rGO nanolayers in the SVP-C sample. Figure 6 (b). From the CV curves, the anodic/cathodic peak current ratio (I pa /I pc ) was calculated to be ~0.981, which is near to the ideal redox system value of 1. This demonstrates that the system remains in equilibrium in every potential scan, indicating its highly reversible nature. The slight perturbation in this peak current ratio could be attributed to the presence of a subsequent chemical reaction that is triggered by the electron transfer and the dependency of this reaction on the rate kinetics as well as the scan rate. Moreover, the hysteretic voltage between the two redox peaks (E pc -E pa ) is found to be 0.14, 0.11, 0.087, and 0.064 V at scan rates of 1, 0.5, 0.25, and 0.1 mV·s -1 , respectively. For the ideal system, the hysteresis voltage can be calculated using the following equation.
Where n is the number of electrons participating in the redox reaction, and E pa and E pc represents the voltage corresponding to the anodic and cathodic peaks, respectively. In the present case, n is 2, so the theoretical hysteresis voltage was calculated to be 0.026 V. The small difference in the hysteresis potential with scan rate could be attributed to the dependency of the reversibility of the redox system on the standard electron transfer rate constant (k) and the scan rate (ν). If the ratio of k/ν is too small the system will be in a quasireversible state, and it cannot maintain the Nernstian concentrations. Under these conditions, the E pc -E pa will be greater than 0.0592/n V. This value will be increased with ν. So, to change this redox system into an ideal reversible system, the best way is to decrease ν, thus providing Figure 7 (a-c) presents the cycling stability at different C rates. Figure 7(a) shows the first 1000 cycles with charging and discharging at the 1 C rate. The initial specific discharge capacity was found to be ~ 110 mAh·g -1 , and it is worth noting that ~ 93% capacity was retained, even at the end of 1000 cycles. The coulombic efficiency was observed to be more than 95%. Figure 7(b) presents the cycling performance at 10 C; ~ 85.6% specific capacity was retained, even after 6000 cycles of prolonged charging and discharging. Compare to earlier literature this is the first time to report a high capacity retention for such a long cycle life (see table S1 ). This excellent cycling stability could be attributed to the intact rGO coating on the stable 3D network of the SVP structure, which could enhance the reversible insertion/extraction mechanism of Na + as indicated by the lower voltage hysteresis between the redox peaks ( Figure 6(b-d) ) and effectively tolerate the volume changes during the cycling, resulting in better stability. Moreover, here the in situ rGO not only acts as an effective current collector, but also resists the aggregation and pulverization of active particles during the prolonged charging and discharging. [31] Another reason for the high cycling stability could be attributed to the formation of compact solid electrolyte interface (SEI) layer on the sodium metal. This compact SEI layer could prevent the direct contact between the electrolyte solvent with the sodium metal, this could further prevent the dendrite formation. The reason for the dendritic growth of the metal is mainly because of the shortage of metal cations in the proximity of the sodium metal electrode.
Cycling performances of SVP-6.5C in different potential windows
According to Sand's model established for the Li-metal-anode system, dendritic formation starts at the Sand's time at which the concentration of metal ions falls to zero at the electrode/electrolyte interfaces. This Sand's time is directly proportional to the metal ion concentrations at the vicinity of the negative electrode. [32] Accordingly, enough metal ion concentration in an electrolyte or enough amount of electrolyte can avoid or control the dendrite deposition, which means that enough amount of electrolyte or Na+ concentration can supply sufficient amount of Na + ions during the redox mechanism, thus it can prevent the formation of Na dendrites resulting in better stability of the cell even after prolonged cycling. Moreover the Sodium is softer than lithium, which could be a favorable attribute to avoid dendrite formation by means of mechanical pressure. [30]
Even in this potential window the sample showed good cycling stability, with ~ 83% capacity retention at the end of 100 cycles at 1C, confirming the stability of this SVP-6.5C electrode.
Conclusions
In summary, we have investigated the highly reversible nature and electrochemical performance of rGO-grafted Na 3 V 2 (PO 4 ) 3 cathodes. The in situ rGO nanolayer plays an important role in improving the overall electronic conductivity of the sample and reducing the voltage polarization, thereby improving the rate performance and reversibility. This cathode system showed promising electrochemical performance, which includes a) high specific discharge capacity of ~ 116.5 mAh g -1 at 0.1 C in the potential window of 2.4-3.8 V (vs.
Na/Na + ) and ~165.4 mAh g -1 in the potential window of 1.3-3.8 V (vs. Na/Na + ) at 1 C, b) remarkable capacity retention of ~ 93% and ~ 85.6% at the end of 1000 and 6000 cycles at 1 C and 10 C respectively, and c) high rate capability, with ~ 87% theoretical capacity retention at 10 C. Furthermore, we studied the promising reversible nature of this material by calculating the voltage hysteresis values using cyclic voltammetry and galvanostatic charge/ discharge studies. This NASICON structure with the intact rGO coating could be a practical solution for future sodium ion battery applications.
Experimental Section
Synthesis of SVP-C
All reagents in the present study were obtained from Sigma Aldrich. NaH 2 PO 4 and V 2 O 5 were mixed in a stoichiometric ratio of 3:1 in methanol under stirring at room temperature. 1 mL polyethylene glycol (PEG) was added to the above solution and stirred for 3 h. The resulting yellow solution was kept in a microwave solvothermal set-up (model: microSYNTH) at 180⁰C for 30 min. The resultant precipitate was collected, washed thoroughly using deionized water, and dried at 80⁰C for 4 hrs. The dried powder was collected and mixed with different proportions of oleic acid and annealed at 650⁰C for 6 h under Ar atmosphere.
Morphology and phase analysis of SVP and SVP-C
The morphology of the SVP and SVP/C samples were examined using field emission 
Electrochemical characterization of SVP and SVP/C
For the half cell fabrication, the cathodes were prepared by making a slurry consisting of 90 wt% active material and 10 wt% polyvinylidene fluoride (PVDF) binder dissolved in Nmethyl pyrrolidone (NMP). For the pure SVP sample, 7 wt% carbon black was used as the conductive agent when fabricating the electrode. The slurry was doctor bladed onto Al foil and was dried at 120 ⁰C for 12 h. The active material loading was calculated to be 3. were galvanostatically analysed using a multi-channel battery tester (Land CT2001A) to obtain the capacity, rate performance, and cycling stability. Cyclic voltammetry (CV) studies at different scan rates and electrochemical impedance studies (EIS) at a frequency range of 1MHz-1mHz were performed using a Bio-logic electrochemical workstation.
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Supporting Information is available from the Wiley Online Library or from the author. cycling stability at 10 C for 6000 cycles, and c) cycling stability at 1 C for 100 cycles in a wide potential window of 1.3 to 3.8 V. 
